A RAPIDLY INACTIVATING K ϩ channel is Kv1.4, which is thought to form the molecular basis for a rapidly inactivating, slowly recovering, transient outward current in the endocardium of several mammalian species, including humans (3) . Its expression is upregulated in the mammalian endocardium during hypertrophy and heart failure (15, 26, 27, 34) . Understanding the inactivation and recovery mechanisms of this channel is critical to understanding the ionic dependence, response to acidosis and alkalosis, drug affinity, and use-dependent drug-binding properties (38, 44) . Kv1. 4 inactivates by two well-established processes: N-and C-type inactivation. N-type inactivation is fairly well characterized and results from the occlusion of the intracellular side of the pore by a "ball and chain" mechanism formed by the NH 2 terminus of the channel molecule (20, 21, 24, 25, 32, 49) . C-type inactivation is not so well understood but appears to involve conformational changes on the extracellular side of the pore (29) because it is sensitive to extracellular permeant ions (22, 31, 38) , extracellular tetraethylammonium (2, 7, 22, 28) , and mutations near the extracellular mouth of the channel (6, 14, 40) . C-type inactivation is thought to be closely related to the "slow" inactivation mechanisms observed in calcium and sodium channels. Despite their different molecular bases, these mechanisms are coupled (21) : C-type inactivation is more rapid in the presence of N-type inactivation (4) . Recovery from inactivation is controlled by the slower C-type mechanism (37) , making it physiologically important.
Two nonmutually exclusive mechanisms have been proposed to explain the coupling between N-type inactivation, an intracellular event (20, 21, 25, 32, 49) , and C-type inactivation (29, 31, 36) , an extracellular event. The Permeation Hypothesis is based on the fact that movement of K ϩ through the pore can result in a localized extracellular K ϩ concentration ([K ϩ ] o ) accumulation (4) . These ions can bind to an extracellular site and thus slow C-type inactivation. Coupling occurs when the NH 2 terminus of the channel blocks the flow of K ϩ , dissipating the [K ϩ ] o accumulation and increasing C-type inactivation (4) . An alternative proposal for N-and C-type inactivation coupling is the Allosteric Hypothesis, in which the NH 2 -terminal binding during N-type inactivation stabilizes the transmembrane segments of the channel into a conformation that promotes the development of C-type inactivation (37, 38) . The Allosteric Hypothesis still allows for modulation of inactivation by [K ϩ ] o via an extracellular binding site, but this is not the way in which the two inactivation processes are linked.
In this study, we demonstrate that even though Nand C-type inactivation is associated with intracellular and extracellular events, respectively, they are both strongly influenced by events occurring at pore sites physically distant from their major site of action. These global conformational changes are responsible for the pH and [K ϩ ] o dependency of N-and C-type inactivation. They suggest an important physiological role for allosteric coupling between the intracellular and extracellular domains of the Kv1.4 channel.
METHODS
Mature female Xenopus laevis (Xenopus Express) were cared for by standards approved by the Institutional Animal Care and Use Committee of the University at Buffalo State University of New York. Frogs were anesthetized by immersion in tricaine solution (1 g/l; Sigma). Oocytes were digested by placing them in a collagenase-containing, Ca 2ϩ -free OR2 solution (in mM: 82.5 NaCl, 2 KCl, 1 MgCl2, and 5 HEPES; pH 7.4, 1 mg/ml collagenase, type I; Sigma). The oocytes were gently shaken for 1.5-2 h, with the enzyme solution refreshed at 1 h. Defolliculated oocytes (stages V-VI) were injected with up to 50 ng mRNA for a Kv1.4 channel clone originally isolated from ferret heart (9) by using the Nanoject microinjection system (Drummond Scientific; Broomall, PA). Oocytes were voltage clamped by using a two-microelectrode oocyte clamp amplifier (CA-1B, Dagan; Minneapolis, MN), and currents were recorded at room temperature. Microelectrodes with resistances of 0.5-1.5 M⍀ were fabricated from 1.5-mm outer diamter borosilicate glass tubing (TW150-4, WPI) with the use of a two-stage puller and filled with 3 M KCl. The control extracellular solution (ND-96) contained (in mM) 96 NaCl, 2 KCl, 1 MgCl 2, 1.8 CaCl2, and 10 HEPES; pH adjusted to 7.4. The 98 mM K ϩ solution contained (in mM) 98 KCl, 1 MgCl2, 1.8 CaCl2, and 10 HEPES; pH 7.4.
Giant torn-off patches (17) were taken from some oocytes and used as inside-out membrane patches in which intracellular solutions were controlled by a rapid solution switching device (ALA Scientific Instruments). Microelectrodes (0.5 M⍀) were coated with a mixture containing 5% parafilm and light mineral oil. The giant patch electrode solution contained (in mM) 98 KCl, 1 MgCl 2, 2.5 CaCl2, and 10 HEPES; pH adjusted to 7.4. For giant-patch experiments, the initial bath solution was (in mM) 98 KCl, 1.8 MgCl 2, 1 EGTA, and 10 HEPES; pH adjusted to7.4. Giant patch currents sizes measured at ϩ50 mV were 7.6 Ϯ 7.1 nA in normal intracellular solution and Ϫ1.02 Ϯ 0.78 nA in K ϩ -free intracellular solution for fKv1.4 (means Ϯ SD, n ϭ 5) and 1.49 Ϯ 1.29 nA in normal intracellular solution and Ϫ0.16 Ϯ 0.14 nA in K ϩ -free intracellular solution for fKv1.4⌬N (means Ϯ SD, n ϭ 6) Data were digitized and analyzed by using pCLAMP (Axon Instruments). Further analysis was performed by using Clampfit (Axon Instruments), Excel (Microsoft), and Origin (Microcal Software). Data were filtered at 2 kHz. Data are shown as means Ϯ SE. Confidence levels were calculated using Student's paired t-test.
RESULTS

High [K
ϩ ] o reduces the C-type inactivation rate (31), an observation that led to the "Foot-in-the-Door" Hypothesis (2) , and subsequently the Permeation Hypothesis of coupling between N-and C-type inactivation (4 cellular side of the channel will alter the properties of C-type inactivation (37) . Mutations near the extracellular mouth of the pore that affect C-type inactivation are well known; however, there have been few reports on intracellular mutations with similar effects on Ctype inactivation. One intracellular change that does alter C-type inactivation is a spontaneous mutation in human Kv1.1 channels, which causes episodic ataxia (1). This mutation occurs at the extreme intracellular mouth of the pore on S6 and involves a valine to alanine substitution. We examined this mutation at an equivalent position in our Kv1.4 NH 2 -terminal deletion mutant: fKv1. 4 [V561A]⌬N (Fig. 2) .
Previous studies in Kv1.1 channels showed that the steady-state properties of C-type inactivation were unaffected by this mutation but inactivation was significantly faster (1) . Under control conditions with 2 mM [K ϩ ] o (to mimic amphibian extracellular fluid composition), we observed no difference in the rate of C-type inactivation between fKv1.4⌬N and fKv1. 4 [V561A]⌬N (Fig. 2 , B and C). The apparent lack of a fKv1. 4 [V561A]⌬N phenotype was unexpected, so we examined this mutant construct more closely. In Kv1.1 the most striking phenotypic change associated with this mutation was a dramatic increase in the rate of recovery from C-type inactivation (1). We examined recovery using a two-pulse protocol (Fig. 3A) . Despite the apparent lack of effect on the development of inactivation, fKv1. 4 [V561A]⌬N exhibited a dramatic increase in the rate of recovery from inactivation in 2 mM [K ϩ ] o at ϩ40 mV, a result qualitatively similar to the effect of the analogous mutation in Kv1.1 channels (1). The increase in recovery rate seen in Fig. 3A may be due to differences in the C-type inactivation mechanism in the two channels. Alternatively, because C-type inactivation is coupled to activation (19, 37, 38) , the difference could be produced by a shift in the voltage dependence of recovery. Once the channel is sufficiently activated, inactivation proceeds with little or no voltage dependence at positive potentials. For many channels, recovery from inactivation is voltage dependent (18). Recovery is thought to be energetically linked to backward movement of the voltage sensor so that the inactivation recovery rate can be altered if the voltage dependence of inactivation is shifted. Figure 3B shows steady-state inactivation as a function of holding potential for both fKv1.4⌬N and fKv1. 4 [V561A]⌬N. The valine-to-alanine mutation does not shift the voltage dependence of inactivation. This is in contrast to observations in the related, but not identical, Shaker channel, in which the analogous valine to alanine mutation causes a shift in voltage dependence of steadystate activation and inactivation (5) .
Recovery from C-type inactivation, just like development of C-type inactivation, is strongly sensitive to (31, 37, 38) . We examined the effect of In many of the experiments in this study the NH2-terminal domain (amino acids 2-146) was deleted to allow us to study the slower C-type inactivation mechanism. The amino acid sequences of the H5 and S6 region are shown. Constructs used in this study involve mutation of the histidine at position 508, the lysine at 532, and the valine at 561. See Fig. 7 for a three-dimensional representation of the channel and mutations. B: inactivation of fKv1.4⌬N expressed in Xenopus oocytes recorded by using a two-electrode voltage clamp. Oocytes were held at Ϫ90 mV and then were clamped first for 5 s to a potential (P1) between Ϫ90 to ϩ50 mV in 10-mV steps then stepped to a potential (P2) of ϩ 40 mV for 1 s. C: currents recorded from fKv1. 4 4D) , which is opposite to the effect observed in Kv1. 4 and other K ϩ channels (31, 37, 38) . The change in [K ϩ ] o affinity suggests a link between the intracellular portion of S6 and K ϩ binding at the opposite side of the channel and is not predicted by the Permeation Model.
The manipulations presented in Fig. 4 ] o dependence of inactivation rate "crosses over" at 2.0 mM. This suggests that C-type inactivation was directly modified by the mutation. For example, at 0.5 mM fKv1. 4 [V561A]⌬N inactivation was slower than in fKv1.4⌬N. This is important because it is possible to explain an increase in inactivation rate by mutagenesis inducing an additional inactivation "gate," but a slowing of inactivation requires the point mutation at V561A to have slowed the intrinsic C-type inactivation.
Other extracellular factors affect both the N-and C-type inactivation characteristics of fKv1.4 channels. Changes in pH o alter the N-type inactivation in fKv1.4 channels (Fig. 6 ). Extracellular acidosis increases the rate of N-type inactivation, whereas alkalosis slows the development of N-type inactivation. This pH o dependence suggests that there is some form of transmembrane transduction, for changes in pH o alter the characteristics of NH 2 -terminal binding at the intracellular face of the channel. A parallel shift in the rate of C-type inactivation is observed in fKv1.4⌬N. This pH o dependence of C-type inactivation occurs roughly in proportion to the changes in N-type inactivation, despite occurring on vastly different time scales.
An important aspect of the relationship between Nand C-type inactivation is that they are coupled. The increase in C-type inactivation of channel with pH might reflect a new conformational transition with altered coupling. Therefore, we examined the effect of pH o on the rate of recovery from N-and C-type inactivation. As was the case for development of N-and C-type inactivation, the rates of recovery from inactivation for both fKv1.4 and fKv1.4⌬N were nearly identical and showed parallel shifts with changes in pH o (Fig. 6 ). This suggests that pH o -modified C-type inactivation retains the characteristic coupling between Nand C-type inactivation (for a review see Ref. 38) in which N-type inactivation promotes rapid development of C-type inactivation and recovery from both is governed by C-type inactivation.
The pH o dependence of C-type inactivation is modulated by an extracellular histidine at position 508 (8) . Mutation of this histidine to a glutamine removes the pH o dependence of N-type inactivation of fKv1. 4 [H508Q] Oocytes were stepped from Ϫ90 to ϩ50 mV for 5 s (P1) and then returned to the holding potential for a variable interval ⌬t. The degree of recovery at time ⌬t was measured with a second pulse (P2) to ϩ50 mV. Recovery was calculated by comparing the peak current elicited by P2 relative to the peak P1 current and plotting against the interval. Average recovery half-time (t 1 ⁄2) for fKv1.4⌬N was 1.64 Ϯ 0.25 s (n ϭ 5), and t 1 ⁄2 for fKv1. 4 [V561A]⌬N was 0.24 Ϯ 0.04 s (n ϭ 5). Note that recovery in the V561A mutant construct is significantly faster than in the channel with just the NH2-terminal deletion (P Ͻ 0.01). B: pseudo-steady-state inactivation relationship for fKv1.4⌬N and fKv1. 4 [V561A]⌬N. Oocytes were stepped from Ϫ90 mV to a potential (P1) between Ϫ90 to ϩ50 mV in 10-mV steps followed by a second pulse (P2) to ϩ50 mV for 1 s. The pseudo-steady-state inactivation for each P1 voltage was calculated as the magnitude of the peak current in P2 compared with that from the maximum value of P2 obtained when P1 was Ϫ90 mV. Fig. 3 ). Average data shown as means Ϯ SE. C: inactivation of fKv1.4⌬N is slower when [K ϩ ]o is switched from 2 to 98 mM. Same protocol was used in as Fig. 2, i .e., a 5-s pulse was applied but only the current from first 1.5 s of the pulse is shown. Traces show inactivation in response to a depolarization from Ϫ90 mV to ϩ50 mV from the same oocyte. Note that the rate and degree of C-type inactivation is diminished by increasing [ ] o sensitivity independent of the actual kinetic rates of C-type inactivation. Protonation of an extracellular histidine (H508) affected N-type inactivation, an intracellular process. It is unlikely that mobility of the NH 2 -terminal is altered by manipulating the charge of an extracellular amino acid. Therefore, protons binding to H508 must alter either the availability of the NH 2 -terminal binding site or the rate of inactivation following NH 2 -terminal binding. Either way, our data establish a link between the extracellular H508 and conformational changes on intracellular domains associated with inactivation. This is consistent with the relationship between activation and inactivation in voltage-gated channels (19, 38) . Cocrystallization of KcsA and a bound NH 2 -terminal domain (50) suggest that the structure of the bound NH 2 -terminal domain is significantly different from the NH 2 -terminal peptide in solution (47) , which indicates that binding involves reciprocal rearrangements of the ␣-subunit and the NH 2 -terminal domain.
The effect of [H ϩ ] o on N-type inactivation can be disrupted by mutating the lysine at position 532. Given that the intracellular locus of action of N-type inactivation binding with S6 is well established, it is likely that protonation of H508 communicates with both Nand C-type inactivation through S6.
The molecular basis underlying C-type inactivation is unclear, so it is defined by a mixture of functional attributes. The slow inactivation of Kv1.4 channels fits most of the classical definitions of C-type inactivation. However, a simple point mutation on the intracellular side of S6 changes the phenotype with respect to [K ϩ ] o sensitivity. This finding might cause us to conclude that the channel no longer inactivates via a C-type mechanism.
The question of whether fKv1. 4 [V561A]⌬N exhibits modified C-type inactivation or has introduced or enhanced a second inactivation process is an interesting one. If we consider that fKv1. 4 The intracellular V561 mutation leading to an alteration of phenotype in response to [K ϩ ] o manipulations is similar to response of mutated Shaker channels to heavy metal binding. A threonine-to-cysteine mutation (T449C) in the extracellular mouth of the Shaker channel reverses the relationship between extracellular zinc and the rate of C-type inactivation (48) .
The pH dependence of inactivation of fKv1.4-[V561A]⌬N provides further evidence that the properties of C-type inactivation have been modified. The ability of the K532Y mutation to disrupt pH dependence of Kv1.4 suggests that the pH modulation of inactivation occurs through the C-type inactivation mechanism. fKv1. 4 [V561A]⌬N shows an increase in the rate of inactivation with acidosis similar to the wild-type channel. Given the similarity in response to acidosis of inactivation of the wild-type and V561A channels, it seems simplest to conclude that fKv1. 4 [V561A]⌬N alters the properties of C-type inactivation rather than inducing a second inactivation mechanism.
The data in this paper demonstrate transmembrane energetic interactions on gating, which require some degree of change in protein conformation in response to the manipulations. This is particularly apparent in the ability of pH o to modulate both N-and C-type inactivation. It clearly establishes a physiologically relevant role for allosteric interactions associated with C-type inactivation, particularly in determining the role of pH and [K ϩ ] o sensitivity, as well as recovery characteristics for coupled N-and C-type inactivation.
The relationship between N-type inactivation and C-type inactivation may have broader implications for members of the Kv1 family. The role of the NH 2 -terminal domain of the ␣-subunit in mediating N-type inactivation in the fKv1.4⌬N channel (37) is virtually identical to that established by the landmark studies of Hoshi et al. (21) in Shaker K ϩ channels. The NH 2 -terminal domain from the Kv␤1.2 subunit also accelerates C-type inactivation in fKv1.4⌬N (33) . The NH 2 terminus of the Kv␤1.2 subunit has a lower affinity for the binding site and more rapid binding kinetics to the inner vestibule so the NH 2 -terminal domain from Kv1.2 subunit functions more like a rapid open channel blocker such as quinidine (see later in text) (33, 39) . This has been studied in Kv1.5 channels by Uebele et al. (41) for the Kv␤1.3 subunit and Kv1.5 combination. Kv␤1.3 also confers a voltage-dependent, partial inactivation ( ϭ 5.76 Ϯ 0.14 ms at ϩ50 mV) and an enhanced slow (possibly C-type) inactivation. In this channel combination, mutation of V512A (which is homologous to V561A in Kv1.4) did not affect the rapid component of Kv␤1.3-mediated inactivation, whereas a mutation at the external mouth of the pore (R485Y, equivalent to our K532Y mutation) increased the ex- tent of fast inactivation while preventing the enhancement of slow inactivation. These studies suggest that NH 2 -terminal binding is allosterically linked to the external pore for a variety of Kv1 channel complexes and may be a critical determinant of many key properties of channel gating.
The demonstration of physical coupling between intracellular and extracellular domains associated with C-type inactivation supports the idea that the Allosteric Hypothesis is physiologically significant. Unquestionably, permeant ion concentrations also play an important role (31) Permeant ions can exert a strong effect on gating transitions such as activation, open probability, channel dwell time, and inactivation (19) . In the KcsA channel, intracellular ion binding can change the conformation of the channel at physically distant locations (30, 35) . The KcsA channel pore is quite narrow, even in domains outside the selectivity filter (11) . Water in such narrow pores is likely to have considerable structure, and the presence of hydrated ions in this small space may affect local protein-water interactions (23) . Thus, even if a specific binding site does not exist, this is a potential mechanism by which the concentration or species of flowing ions can alter the stability of different channel conformations. Figure 7 represents a projection of the fKv1.4 sequence onto the KcsA crystal structure (11) and shows the regions that have been altered or explored in this paper (V561, K532, and H508). Clearly, these sites are physically remote from one another and from the permeation pathway. The insensitivity of the K532 and H508 mutant channels to pH o indicates there must be some interaction between these two sites, but because of the high energy of solvation, it is unlikely that this interaction is electrostatic. It is also unlikely that there is an electrostatic interaction between the charge on H508 at the extracellular side of the membrane and the activity of the positively charged NH 2 -terminal domain binding to the intracellular side of the channel: given the high dielectric constant of water, it is not energetically feasible. Furthermore, acidosis speeds Ntype inactivation, whereas positive charge on H508 would repel the NH 2 terminal, thereby slowing inacti- Turns, such as proline hinges are dark blue. Major difference between fKv1.4 and the KcsA channels is the break in the rigid ␣-helical structure near the intracellular mouth of the channel due to the close proximity of two prolines. Green spheres near this "proline hinge" represent the site of the ␤-carbon of V561 in fKv1. 4 . This site modulates the properties of C-type inactivation, including the [K ϩ ]o dependence. Yellow spheres are on the ␤-carbon of H508, which modulates the pH sensitivity of N-and C-type inactivation in fKv1.4. Blue spheres are on the ␤-carbon of K532, an extracellular site that modulates extracellular TEA binding and C-type inactivation. They are thought to be involved in closure of the extracellular face of the channel.
vation. In addition, electrostatic interactions do not seem likely with a distant and uncharged valine or alanine at position 561. The mutation of a valine to an alanine does not add any additional charge that would contribute an electrostatic component to binding of K ϩ at extracellular sites. The most likely mechanism is that transmembrane effects are transduced through S6 and possibly other domains, in a process somewhat analogous to activation of the KcsA channel by intracellular protons (10) .
In summary, our results demonstrate a strong coupling of intracellular domains and extracellular domains associated with S6 and the flanking regions surrounding the extracellular mouth of the pore. The most striking change seen in the V561A mutation was that the [K ϩ ] o sensitivity of C-type inactivation was reversed, with inactivation becoming faster with increasing [K ϩ ] o . This qualitative behavior is similar to that observed for the Kv4 family of channels (25) and suggests that the mechanism(s) of inactivation between these two channels may be closely related, despite the disparities in biophysical properties. C-type inactivation-like mechanisms are also present in more distantly related channels, such as human ether-à -gogo-related gene (42, 43) . In all cases, involvement of mutations on S6 have been noted to have a strong modulatory effect on function, despite being relatively remote from the mouth of the putative extracellular pore domain. Furthermore, it seems that C-type inactivation may have both an extracellular and intracellular "gate" similar to that proposed for activation of the KcsA channel. Understanding the coupling between these regions will enhance our understanding of the time and use dependence of many antiarrhythmic drugs.
